Ants in the genera Anochetus and Odontomachus belong to one of the largest clades in the subfamily Ponerinae, and are one of four lineages of ants possessing spring-loaded ''trap-jaws." Here we present results from the first global species-level molecular phylogenetic analysis of these trap-jaw ants, reconstructed from one mitochondrial, one ribosomal RNA, and three nuclear protein-coding genes. Bayesian and likelihood analyses strongly support reciprocal monophyly for the genera Anochetus and Odontomachus. Additionally, we found strong support for seven trap-jaw ant clades (four in Anochetus and three in Odontomachus) mostly concordant with geographic distribution. Ambiguity remains concerning the closest living non-trap-jaw ant relative of the Anochetus + Odontomachus clade, but Bayes factor hypothesis testing strongly suggests that trap-jaw ants evolved from a short mandible ancestor. Ponerine trap-jaw ants originated in the early Eocene (52.5 Mya) in either South America or Southeast Asia, where they have radiated rapidly in the last 30 million years, and subsequently dispersed multiple times to Africa and Australia. These results will guide future taxonomic work on the group and act as a phylogenetic framework to study the macroevolution of extreme ant mouthpart specialization.
Introduction
Ants are one of the most abundant insect groups on the planet and occupy virtually every niche in terrestrial ecosystems (Hölldobler and Wilson, 1990; Lach et al., 2010) . The evolutionary success of ants has been accompanied by the morphological diversification and specialization of their mandibles, which, along with other adaptations, allowed the family to utilize a wide variety of environmental resources. Some examples of ant mandible specialization are elaborate, including pitchforks, sickles, hooks, grinders, shears, and fangs (Wheeler, 1927; Gotwald, 1969; Hölldobler and Wilson, 1990) , despite being constrained by social functions such as nest excavation and brood care. This diversity in mandible morphology makes ants an excellent model for studying the evolution of specialized structures in eusocial organisms, but their usefulness depends on a stable classification and an accurate understanding of their evolutionary relationships. In recent years, molecular phylogenetics has led to major revisions of ant classification at many taxonomic ranks (Brady et al., 2006; Moreau et al., 2006; Wild, 2009; Ward et al., 2010 Ward et al., , 2015 Branstetter, 2012; Blaimer, 2012; Moreau and Bell, 2013; Schmidt, 2013) . In this study we use molecular phylogenetics to better understand the evolution of trap-jaw ants in the genera Anochetus and Odontomachus, whose spring-loaded mandibles are one of the most extreme examples of mandible specialization in insects.
Trap-jaw mandibles are characterized by a catapult mechanism that enables them to achieve record speeds and accelerations (Gronenberg, 1995; Gronenberg and Ehmer, 1996; Patek et al., 2006) . They are long, linear, and insert close to the midline of the head, opening to an angle of 180°or more. A latch keeps the cal variation makes ponerine trap-jaw ants a good system in which to study the causes and consequences of mandible specialization.
Despite the attention that the behavioral ecology and biomechanics of Anochetus and Odontomachus have received, much about their evolutionary history remains unclear. The two genera clearly form a clade in the Odontomachus Genus Group (sensu Schmidt, 2013) , being united by their synapomorphic spring-loaded mandibles. Numerous phylogenetic studies based on morphological and molecular data have also confirmed this grouping (Moreau et al., 2006; Brady et al., 2006; Spagna et al., 2008; Keller, 2011; Schmidt, 2013) , but the relationship between and within each genus is still unclear. A preliminary unpublished molecular phylogeny of the two genera was unable to distinguish between a scenario where both genera are reciprocally monophyletic, and a scenario where Odontomachus is paraphyletic with respect to Anochetus (Schmidt, 2009) . Contrasting with those results, morphological and karyotype data have suggested that Anochetus is paraphyletic with respect to Odontomachus (Brown, 1976; Santos et al., 2010) . Additionally, several multi-gene phylogenetic analyses focusing on ant genus relationships each recovered four different sister groups to the Odontomachus + Anochetus clade (Brady et al., 2006; Moreau et al., 2006; Spagna et al., 2008; Keller, 2011; Moreau and Bell, 2013) . Therefore, reconstructing the phylogenetic relationships of trap-jaw ants is a necessary first step in stabilizing their taxonomy and in exploring the origin and subsequent evolution of trap-jaw mandibles.
The goals of the present study are to use molecular phylogenetics to build a framework for understanding the evolution of trapjaw mandibles in the genera Anochetus and Odontomachus. Specifically, we address whether Anochetus and Odontomachus are sister monophyletic genera, and clarify the species-level relationships within each genus. Also, to better understand how the specialized, spring-loaded mandible evolved from unspecialized mandibles, we attempt to identify the closest living non-trap-jaw ant relative in the Odontomachus Genus Group. Finally, using fossil calibrations, we estimate the timing and biogeography of trap-jaw ant diversification.
Materials and methods

Taxon sampling
Samples for phylogenetic analysis were selected to include as many of the Anochetus and Odontomachus species groups defined by Brown (1976 Brown ( , 1978 as were available, enabling coverage of as much of the morphological diversity as possible. Ethanolpreserved or point-mounted specimens were obtained from field collections, collaborators, and museum collections. Table A1 (see Appendix A) summarizes the identities and distribution of the sampled ingroup taxa, and includes 49 specimens of Anochetus and 43 of Odontomachus. This sample set comes from across the clade's worldwide distribution and represents approximately half of the named species in the group. Duplicates of several species were included (A. mayri, A. graeffei, O. rixosus, and O. tyrannicus) based on preliminary analyses that suggested they were not monophyletic (data not shown). Ants were identified primarily using the keys of Brown (1976 Brown ( , 1977 Brown ( , 1978 , Sorger and Zettel (2011) , and Shattuck and Slipinska (2012) , and by comparison to a reference collection (Smithsonian Institution National Museum of Natural History, Harvard Museum of Comparative Zoology). In several cases, species identity could not be determined from existing keys and samples were either designated with ''cf" for their morphological resemblance to described species or given a unique identifier.
Taxa for outgroup comparison were selected based on recent phylogenetic studies and a revision of the subfamily Ponerinae, with special attention to species within the Odontomachus Genus Group (Keller, 2011; Schmidt, 2013; Schmidt and Shattuck, 2014 ) (see Appendix A Table A2 ). This large clade includes 20 genera and displays a wide range of mandible morphology. The genus Leptogenys, for example, includes species with long linear mandibles that could reflect the ancestral condition of trap-jaw ants. Other genera, such as Phrynoponera, Odontoponera, or Pseudoneoponera, have more generalized triangular mandibles of varying lengths. In total, 42 non-trap-jaw ant species were included in the analyses as outgroups, with most sequences coming from previous studies (Schmidt, 2013) . Specimens that were sequenced in this study have been deposited at the Smithsonian Institution National Museum of Natural History, or in the collection of their owner.
Gene sampling and molecular techniques
Using a strategy similar to Schmidt (2013) , sequence data were generated for five gene fragments: the mitochondrial gene cytochrome oxidase I (COI); the three nuclear protein-coding genes wingless (Wg), long-wavelength rhodopsin (LWR, including introns), and rudimentary (CAD); and the nuclear large subunit ribosomal RNA gene (28S). These five genes were considered the CORE_DATA for subsequent phylogenetic analyses. To find the sister group of trap-jaw ants, sequences from three additional nuclear gene fragments were obtained from GenBank and included in the ALL_DATA matrix: abdominal-A (Abd-a), elongation factor 1-alpha F1 copy (EF1aF1), and elongation factor 1-alpha F2 copy (EF1aF2). All of these genes were selected to include both rapid (COI, introns) and slowly (28S) evolving sequences (Simon et al., 1994) , and were also chosen based on their usefulness in resolving relationships in previous ant phylogenetic studies (Brady et al., 2006; Moreau et al., 2006; Wild, 2009; Ward et al., 2010 Ward et al., , 2015 Branstetter, 2012; Blaimer, 2012; Moreau and Bell, 2013; Schmidt, 2013) . The aligned and concatenated matrix of the CORE_DATA was 4812 bp in length and 80% complete for the ingroup taxa. Sequence characteristics for each gene are listed in Appendix A (Table A3) .
Genomic DNA was extracted from one leg of an adult worker using a DNEasy Blood and Tissue Kit (Qiagen Inc., Velencia, California) according to the manufacturer's protocol, and diluted in 150 ll nuclease-free water. Sequence fragments were amplified using polymerase chain reaction (PCR) using the primers listed in Table A4 (see Appendix A). PCR was performed in reaction volumes of 50 ll and contained 1 ll genomic DNA template, 100 nM primer (Integrated DNA Technologies, Coralville, IA), and 1Â GoTaq DNA Polymerase Master Mix (Promega, Madison, WI). PCR conditions for all genes started with an initial melting step at 94°C (5 min), followed by 10 cycles of 94°(30 s), 60°C (30 s, decreasing by 1°C per cycle), and 72°C (30 s), followed by 30 cycles with the same conditions but an annealing temperature of 50°C, and a final extension of 72°C (5 min). PCR products were cleaned with ExoSAP-IT (USB Corporation, Cleveland, OH), and amplicon size was verified using gel electrophoresis and GelRed DNA Stain (Biotium, Hayward, CA). Cycle-sequencing reactions were performed using PCR primers and BigDye Terminator ver 3.1, and were analyzed on an ABI 3730 Sequencer (Life Technologies, Grand Island, NY) at the Laboratories of Analytical Biology at NMNH.
Sequences were assembled and edited in GENEIOUS v7.1 (Biomatters, Auckland, New Zealand) and aligned in MUSCLE v3.8 (Edgar, 2004) . Ambiguously aligned regions of 28S and introns from CAD and LWR for outgroup taxa were removed from the data analysis. The sequences generated for this study are deposited in GenBank, and the aligned data matrix is deposited in TreeBase (ID18504 http://purl.org/phylo/treebase/phylows/study/ TB2:S18504).
Phylogenetic analysis
Three methods were used to infer the molecular phylogeny of trap-jaw ants: partitioned Bayesian analyses (BI) in MrBayes 3.2.2 (Ronquist et al., 2012) , fossilized birth-death model divergence dating (FBD) in BEAST 2.3.0 (Bouckaert et al., 2014) , and partitioned maximum likelihood (ML) in RAxML 8.1.24 (Stamatakis, 2014) . Analyses were run either on the CIPRES Science Gateway (Miller et al., 2010) or on the Smithsonian NMNH Topaz computing cluster.
The partitioning scheme and model of nucleotide substitution for the DNA alignment were simultaneously selected using PartitionFinder 1.1.1 (Lanfear et al., 2012) . The concatenated alignment of 8 genes was first divided into 24 subsets by gene, expression pattern (exon, intron), and codon position. Bayesian Information Criterion was then used to select the optimal scheme of 11 partitions for the CORE_DATA matrix, and 15 partitions for the ALL_DATA (Table A5 ). The third codon position of COI (p3) was excluded from analysis because of saturation. Individual genes partitioned by codon position were also analyzed with BI to examine conflicts among gene trees.
MrBayes analyses were run with default priors, with the exception of the branch-length prior. To prevent artificially long branchlength posterior distributions, a compound Dirichlet prior was used (brlenspr = Unconstrained:GammaDir(1.0, 0.10, 1.0, 1.0)) (Brown et al., 2010; Zhang et al., 2012) . Substitution models for each partition were set according to the results of the PartitionFinder analysis (Table A5 ). Base frequencies, substitution rates, and gamma shape parameters were unlinked across partitions, but topology and branch lengths were linked. Each analysis consisted of two simultaneous Markov Chain Monte Carlo (MCMC) runs with four chains per run for 10-40 million generations. The first 25% of sampled trees were discarded as burn-in. Several methods were used to confirm that the runs had converged: (1) MCMC analyses were run until the average split frequencies of standard deviation were below 0.01, (2) the potential scale reduction factor of all parameters were close to 1.00, (3) the effective sample sizes of all parameters were above 200, and (4) the likelihood and sample parameters were checked with Tracer 1.6 to confirm they had reached stationarity . All analyses were also run under the prior without sequence data to check for overly influential priors on the posterior probability distribution. Bayesian analyses were also run without substitution models selected a priori using reversible jump MCMC (rjMCMC) in MrBayes. This approach samples the posterior probability of all models in the GTR substitution family (Huelsenbeck et al., 2004) . Trees were summarized as majority rule consensus trees in R 3.1.3 using the ''ape" and ''phytools" packages (Paradis et al., 2004; Revell, 2012; R Core Team, 2015) .
Maximum likelihood analyses were conducted using the rapid bootstrapping algorithm (1000 replicates) combined with a ML tree search RAxML (Stamatakis, 2014) . Both unpartitioned and partitioned analyses were performed on the CORE_DATA and ALL_DATA matrices, each with a GTR + C model of nucleotide substitution.
Hypothesis testing
To test support for the monophyly of trap-jaw ants and for different trap-jaw ant sister-group relationships, we used Bayes factors (BF) to compare the relative support for different topological models (Bergsten et al., 2013) . In MrBayes, groups under question were constrained to be monophyletic with topology priors, then the marginal likelihood of each model was estimated using the stepping-stone sampling method (Xie et al., 2011) . Two runs with four chains each were sampled for 20 million generations, with 2 million generations discarded as burn-in. The log e BF statistics were calculated as: log e BFðM 0 ; M 1 Þ ¼ log e PðXjM 0 Þ À log e PðXjM 1 Þ where log e P(X|M i ) is the marginal log e -likelihood estimate for the model M i . The strength of support for a given model was based on the interpretation of BF suggested by Kass and Raftery (1995) . Values of 2log e BF between 0 and 2 were interpreted as no evidence for the alternative model, M 1 , over the null model, M 0 . When 2log e BF values were above 2, the alternative model M 1 was supported over the null model M 0 , and values over 10 were considered very strong support for the alternative model.
Divergence time estimation
The timing of trap-jaw ant diversification was estimated by generating fossil calibrated trees in BEAST 2.3.0 (Bouckaert et al., 2012) . We used an uncorrelated lognormal relaxed clock model with a fossilized birth-death (FBD) model tree prior to analyze both the ALL_DATA and CORE_DATA sequence matrices. Unlike more common node-calibration models that use influential ad hoc probability distributions for node age priors, the FBD process incorporates speciation rate (k), extinction rate (l), fossil recovery rate (w), and the proportion of sampled extant species (q), as parameters in a single comprehensive model for estimating node ages (Stadler, 2010; Heath et al., 2014) . This provides a way to integrate fossil dates into the tree estimation process and potentially provides more accurate dating estimates than node-calibration methods.
Sixteen fossil species were incorporated into the BEAST analyses to calibrate the tree, including four Anochetus and three Odontomachus species (Table A6) . Six fossils from four other extant genera were also included, as well as fossils from three putative stem ponerine genera (Archiponera, Cephalopone, and Protopone). Taxonomic sets were created for strongly supported clades found in the MrBayes analyses and fossils were placed in stem clades to which they could be confidently assigned based on morphology. Prior distributions on age of monophyletic clades were not set (as is done in node calibration methods) because fossil ages are directly used in the FBD model to estimate the diversification, extinction, and fossilization process. The model was conditioned on the time of origin, or the start of the diversification process that produced the observed tree. Previous estimates of the age of stem Ponerinae range from 94 to 111 My (Schmidt, 2013) . We used a Lognormal (3.66, 0.5) distribution with an offset of 59 (the age of the oldest fossil in our dataset), for the prior on time of origin.
Two clock models were used, one linking the mitochondrial gene partitions (p1 and p2) and a second linking the nuclear gene partitions (p4-p14). The hyperpriors estimating the mean and standard deviation for both clock rates were given Exponential(1) and Exponential(0.333) distributions, respectively. Other parameters in the fossilized birth-death process (k, l, w) were reparameterized as net diversification prior (k-l), turnover (l/k), and sampling proportion (w/(l + w)). The prior on turnover was set to a Uniform(0, 1) distribution, and a Beta(2, 2) distribution was used for sampling proportion prior. The net diversification prior was set to a Normal(0.06, 0.01) based on previous estimates of diversification rate (Moreau and Bell, 2013) and our analyses of taxon sampling (see below and Fig. C2 ). Sampling proportion, q, was set to 0.5 based on the number of described species of Anochetus and Odontomachus included in our analysis (Bolton, 2014) .
Two independent analyses were run, each composed of four MCMC chains. Each run had a length of 200 million generations and parameters were sampled every 5000 generations. Convergence was assessed by confirming that parameter estimated sample sizes were above 200 and that parameter posterior probabilities had reached plateau in Tracer 1.6. The first 100 million generations were discarded as burn-in, and the maximum clade credibility tree was summarized in TreeAnnotator 2.2.1 (Drummond et al., 2012) .
We investigated the effect of taxon sampling on the estimation of FBD model parameters. The ALL_DATA matrix was analyzed with four outgroup taxon sampling strategies in addition to the full set of 134 extant taxa and 16 fossil species (Table 4) : Tribe Ponerini (131 extant taxa, 10 fossil species), Odontomachus Genus Group (122 extant species, 8 fossils), the Odontomachus Genus Group without Leptogenys + Myopias (110 extant species, 7 fossils), and just Odontomachus + Anochetus (93 extant species, 7 fossils). The priors for these analyses were identical to above with the exception of net diversification rate, which was given an Exponential (1) distribution.
Divergence date estimates from the FBD model were also compared with analyses using node calibration models. For these analyses, an uncorrelated lognormal relaxed clock model with a birth-death tree prior was used. The prior on birthrate was set to Uniform(0, 1000) and the relative death rate prior was set to Uniform(0, 1). Fossils from extant genera were used to calibrate the minimum ages of the stem (total) clades to which they could be assigned (Table A6 ). Exponential(2) distributions were assigned to each node with offsets set to the age of each fossil. The root node (Crown Ponerinae) was given a Normal(94, 10) prior which spans the 95% CI of the estimated age by Schmidt (2013) .
Lineage-through time plots were constructed for a preliminary examination of trap-jaw ant diversification. We used the R package APE to generate LTT plots for our trap-jaw tree and simulate 1000 trees under a pure birth model for 95% confidence intervals of branching times.
Ancestral range reconstruction
The ancestral biogeography of trap-jaw ants was estimated using the likelihood-based program Lagrange v20130526, which implements a dispersal, extinction, and cladogenesis model (Ree and Smith, 2008; Ree et al., 2005) . Because identical tree topology was recovered from multiple BEAST analyses, we used the maximum clade credibility tree from the FBD analysis with all outgroup species removed as input for the biogeography analysis. Each species of Anochetus and Odontomachus was assigned to one or more of five previously defined biogeographic regions (Cox, 2001 ): Neotropics, Nearctic, Afrotropics, Indomalaya (including southeast Asia and the Pacific Islands west of Wallace's Line), and Australasia (including New Zealand and New Guinea). The Palearctic biogeographic region was not considered in this analysis because only a few species of Anochetus are known from this region, none of which were sampled in our dataset. Historic migration between biogeographic regions was weighted with an adjacency matrix, which modeled the instantaneous transition between geographic ranges (Table A7 ). Dispersal between neighboring regions was weighted more favorably (1.0) than non-neighboring regions (0.5) or those separated by oceans (0).
Results and discussion
Phylogenetics
All analyses resulted in trees with essentially the same phylogenetic relationships, especially within the trap-jaw ant genera Anochetus and Odontomachus (Fig. 1, Table 1 ). The broad-scale topological features were retained across different phylogenetic inference methods, partitioning schemes, and gene sampling (see Appendix B). In the following discussion (unless otherwise noted), support values refer to the Bayesian posterior probabilities (BPP) of the MrBayes analysis of the CORE_DATA with an a priori specified substitution model and the bootstrap support (BS) values of the RAxML analysis of the CORE_DATA matrix.
Separate Bayesian analyses of the individual genes LWR, Wg, and CAD yielded results similar to the concatenated analyses, but with much lower support values (Appendix Fig. B4 ). Trees based on individual analyses of COI and 28S, however, had very different topologies from the concatenated alignment. Trees for 28S consisted mostly of polytomies with very low support values, especially within trap-jaw ants, consistent with this gene's slower mutation rate. The faster-evolving COI, on the other hand, produced trees with poor resolution among outgroup genera, but relatively similar species relationships within trap-jaw ant genera. In the analysis of COI, Odontomachus was found to be paraphyletic with respect to Anochetus, but this node had weak support (BPP = 0.59). Analyses of matrices that omitted either 28S or COI had much weaker resolution and support values (data not shown).
Monophyly and placement of trap-jaw ants
We found support for the Odontomachus Genus Group (BPP = 1.0, BS = 88) consistent with other previous molecular analyses (Moreau and Bell, 2013; Schmidt, 2013) . Additional genes in the ALL_DATA set increased the support of this clade (BPP = 1.0, BS = 98), indicating an effect of gene sampling on support at deeper nodes. All genera were strongly inferred to be monophyletic. As in previous studies, relationships within the Odontomachus Genus Group were poorly supported at the genus level and consisted mostly of polytomies (Fig. 1) .
Trap-jaw ants (Odontomachus and Anochetus) form a clade within the Odontomachus Genus Group with very strong support (BPP = 1.0, BS = 100). This clade is also strongly supported by previous morphological and molecular studies (Brady et al., 2006; Moreau et al., 2006; Spagna et al., 2009; Keller, 2011; Schmidt, 2013; Moreau and Bell, 2013) . The sister-group relationship and reciprocal monophyly of Odontomachus and Anochetus are also strongly supported in all analyses (Odontomachus: BPP = 1.0, BS = 98; Anochetus: BPP = 1.0, BS = 99) except for those of the individual genes COI and 28S (Appendix A).
Hypothesis testing with Bayes Factors also strongly supported reciprocal monophyly of Anochetus and Odontomachus (Table 2) . Constrained models that force monophyletic Anochetus and Odontomachus genera to be nested in a monophyletic Anochetus + Odontomachus clade had an estimated marginal log e -likelihood of À47148.98. Past analyses suggested that O. coquereli and close relatives (Clade A) may be sister to Anochetus (Schmidt, 2009) , rendering Odontomachus paraphyletic. The marginal log e -likelihoods of this constrained model and a model that unconstrained the relationship between Clade A, Anochetus, and the rest of Odontomachus were À47159.05 and À47210.44, respectively. The resulting 2log e BF comparing the M 0 ((Anochetus) + (Odontomachus)) to the alternative M 1 ((Anochetus + Clade A) + (Clade B + Clade C)) or ((Anochetus) + (Clade A) + (Clade B + Clade C)) were 20.14 and 122.92, respectively, strongly supporting the models constraining trapjaw ant genera monophyly.
Our analysis failed to resolve the closest extant non-trap-jaw ant relative, and the inferred sister group relationships varied depending on gene sampling and analysis. Bayesian analysis of both CORE_DATA and ALL_DATA resolved Phrynoponera as sister to trap-jaw ants, but with weak support (BPP = 0.53, BPP = 0.58, respectively). The RAxML analysis of CORE_DATA resulted in a polytomy with trap-jaw ants as sister to all the other genera in the Odontomachus Genus Group (Fig. B3) . The RAxML analysis of ALL_DATA, however, recovered Pseudoneoponera as sister to Brown (1976 Brown ( , 1978 that were recovered as monophyletic are marked with blue boxes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
BS). Clades as described in text are indicated by branch color and letter (A-G). Morphologically inferred species groups from
trap-jaw ants (BS = 21, Fig. B3 ) with very weak support. When these two topological hypotheses were constrained during independent stepping-stone MCMC analyses (Table 2) , the estimated marginal log-likelihood of the model constraining (Odontomachus + Anochetus) + Pseudoneoponera was À47161.06 and the model constraining (Odontomachus + Anochetus) + Phrynoponera was À47154.91. The 2log e BF test statistic comparing these two models was 12.3, favoring Phrynoponera as sister to the trap-jaw ants. When these two models were compared with the model constraining the long-mandible genus Leptogenys as sister to trap-jaw ants, the BF still supported Phrynoponera as sister to trap-jaw ants (Table 2 ). Additional taxa in the Odontomachus Genus Group and possibly additional molecular markers will be required to resolve these relationships with high confidence.
Genus Odontomachus
Odontomachus is a monophyletic genus with three strongly supported clades generally corresponding to their biogeography: (1) Clade A (BPP = 1.0, BS = 100) consisting of species in the Afrotropics and Southeast Asia, (2) Clade B (BPP = 0.99, BS = 100) consisting of species almost entirely found in Central and South America, and (3) Clade C (BPP = 1.0, BS = 100), with species located in Australasia. Two additional species, O. chelifer and O. hastatus, were weakly associated with Clades B and C, respectively (see below). Analyses of all concatenated datasets found Clade A to be sister to Clade B + Clade C. Many of the species groups defined by Brown (1976) were recovered as monophyletic, in particular the tyrannicus, saevissimus, ruficeps, and haematodus groups (Fig. 1) .
Clade A was recovered as six species found in Africa, Madagascar, and continental Asia displaying significant morphological variation. The Malagasy species O. coquereli, for example, is particularly distinctive having well-developed subapical teeth, conical head lacking any temporal prominences, and long petiole. Other species, such as O. assiniensis or O. rixosus, are more typical of the genus, with finely serrate teeth along the mandibular border, welldeveloped temporal prominences, and more node-like petioles. Despite Clade A having very strong support in this analysis, the relationships among species in the clade were not well resolved. The rixosus species group, for example, which Brown defined as O. rixosus, O. monticola, and O. latidens and suggested might be geographical variants of the same species, was found to be polyphyletic (Fig. 1) , although with low support.
Clade B corresponds to the large haematodus species group complex (Brown, 1976) . These species are joined morphologically by well-developed temporal prominences, relatively short mandibles with blunt apical teeth, node-like petioles, and labial palps with only 3 segments. The large species O. chelifer was recovered as sister to the rest of Clade B, consistent with Brown's (1976) morphological classification, but with relatively weak support (BPP = 0.82, BS = 58). Bayes factor testing favored O. chelifer being in Clade B over the alternative model of being grouped with Clade C (2 log e BF = 12.4, Table 2 ). Interestingly, the predominately Neotropical haematodus group also included the Afrotropical species O. troglodytes and the widespread Asian/South Pacific species O. simillimus. This grouping is consistent with Brown's morphological analysis and also suggests a complicated dispersal history (see below). Many of the relationships among the haematodus group species were poorly resolved by the analysis of the CORE_DATA, ALL_DATA and COI alone, possibly as a result of a rapid radiation or slow substitution rates in these markers.
Clade C is strongly supported (BPP = 1.0, BS = 100), and consists of several well-supported clades including the ruficeps (BPP = 1.0, BS = 97), saevissimus (BPP = 1.0, BS = 99), and tyrannicus species groups (BPP = 1.0, BS = 100). These species are distributed in Australia and Melanesia, and include some of the most morphologically diverse species in the genus (Fig. 1) . Species in the tyrannicus group, for example, have relatively short heads and lack the temporal prominences that are characteristic of other species in the genus. The saevissimus group, on the other hand, have temporal prominences on their long conical heads, but have distinctive elongated petioles. This clade also includes the Australasian species in the ruficeps group (O. cephalotes, O. ruficeps, and O. turneri), which are the only species of Odontomachus to display significant worker body size polymorphism. Odontomachus hastatus, which Table 2 Constraint models used in hypothesis testing. Clades constrained to be monophyletic are set in parentheses. Marginal log-likelihoods were estimated with stepping-stone MCMC in MrBayes and used to calculate Bayes factor. In his revision of the genus, Brown (1976) considered ancestral mandibular traits of Odontomachus to consist of mandibles that are long relative to the head and long, sharp, apical teeth. These traits were also associated with the lack of well-defined temporal prominences. Species fitting this description include O. coquereli, O. hastatus, and members of the O. tyrannicus species group, ants found in both Clade A and Clade C. This may be evidence of parallel evolution in the two clades of more derived mouthpart and head traits.
Constraint model
Genus Anochetus
The genus Anochetus was also found to be monophyletic, and contained four well-supported deep divergent clades: (1) Clade D (BPP = 1.0, BS = 100), (2) Clade E (BPP = 1.0, BS = 91), a Neotropical Clade F (BPP = 1.0, BS = 100), and Clade G (BPP = 1.0, BS = 88). Similar to Odontomachus, many of the Anochetus species groups that had been inferred by morphology were recovered as monophyletic. Additionally, most species-level relationships were recovered with very high support.
All analyses of CORE_DATA recovered Clade D as sister to the rest of the Anochetus. This group contains just two species, A. altisquamis and A. orchidocola (the altisquamis species group), which range from southern Mexico to northern Argentina. These species are typical of the genus as a whole, being relatively small, robust ants that nest in leaf litter. Brown (1976) hypothesized that the most basal lineage of Anochetus were large epigaeic ants in the gladiator group, which he thought gave rise to the genus Odontomachus. Our taxonomic sample did not include any gladiator group species, but it is likely that large bodied Anochetus evolved multiple times independently in the genus. Among the remaining Anochetus clades, there was strong support for Clade G being sister to Clade E + Clade F.
Species found in Clade E are medium-sized ants that are found mostly in tropical forest habitats throughout the islands of Southeast Asia and Melanesia. It is comprised of members of the risii, rugosus, and cato species groups. Although the rugosus group was recovered as monophyletic, the sister relationship between A. cato and A. peracer renders the cato group paraphyletic. At the root of this clade is the undescribed species Anochetus sp. 2921, which is notable for having a large medial tooth on the inner margin of its mandible. The trait is uncommon in the genus and is not found in the rest of Clade E.
Clade F is a neotropical group consisting of the emarginatus, mayri, inermis, and bispinosus species groups. The clade displays a great deal of morphological and ecological variation, with large arboreal species such as A. horridus and A. emarginatus, and also tiny, hypogaeic species such as A. minans or A. mayri. The inermis species group was found to be polyphyletic, with a sister relationship between A. targionii and the mayri species group. The placement of A. neglectus and A. minans renders the species A. mayri paraphyletic. However, A. mayri displays a great deal of morphological variation, and has been hypothesized to contain two or more sibling species (Brown, 1978) .
Like Clade F, Clade G is incredibly variable in terms of morphology; however, it is spread across the Afrotropics, Australasia, and throughout Southeast Asia. The Australian rectangularis and African africanus species groups were the only morphological groups identified by Brown recovered as monophyletic. Our analysis included several undescribed species, emphasizing the need for more collecting and revisionary work on the clade.
Divergence estimation and biogeography
Dating analyses of the ALL_DATA and CORE_DATA alignments in BEAST recovered the same phylogenetic relationships as the analysis in MrBayes (Fig. 2 and Appendix C), but arrived at different age estimates depending on gene sampling and analysis method (Tables 3 and 4) . For the FBD analyses, the ALL_DATA matrix resulted in slightly older median age estimates than the CORE_GENES, but with significant overlap in the 95% highest posterior density (HPD). Node calibration (NC) analyses, in contrast, estimated very similar median ages, with completely overlapping 95% HPD. Analyses using FBD tree models were consistently younger than those using NC with little or no overlap in 95% HPD at deep nodes. For example, the FBD analysis of ALL_DATA found an age of 74.9 My (HPD: 61.1-88.9) for the Odontomachus Genus Group and 52.5 My (HPD 39.4-62.5) for the trap-jaw ant clade. The NC analysis of the same data, in contrast, recovered an age of 100.4 My (86.9-114.6) for the Odontomachus Genus Group and 72.1 (60.6-84.3) My for trap-jaw ants. The younger age estimates under the FBD model contrast with other studies that found that FBD models estimated older ages than NC analyses (Arcila et al., 2015) . However, many factors influence diversification estimation including net diversification priors (Appendix C), extent of fossil sampling (Arcila et al., 2015; Hug and Roger, 2007) , and change in model parameters over time (Zhang et al., 2016) . The divergence dates estimated in our analysis of the ALL_DATA matrix under the FBD model closely match those found in Schmidt (2013) . This is the tree that is discussed below unless otherwise noted.
Taxon sampling also influenced the estimation of FBD model parameters (Table 4) . Decreasing the number of outgroup clades increased estimates of net diversification rate and sampling proportion, and decreased turnover. When only the Anochetus + Odontomachus clade was analyzed, the median net diversification rate was estimated to be 0.064, which is similar to the estimate found for the trap-jaw ant clade in a study of diversification rates across the entire family (Moreau and Bell, 2013) . Variance in parameter estimates across analyses is not particularly surprising, as diversification, extinction rate would be expected to be heterogenous across the tree (Zhang et al., 2016) , but the FBD model assumes the rates of these parameters are constant (Heath et al., 2014) . The recovered age of trap-jaw ants varied among analyses, but not with any correlation to outgroups sampled. Predictably, when the net diversification rate parameter was fixed, age estimates negatively correlated with diversification rate (Appendix C).
The most recent common ancestor of Anochetus and Odontomachus originated in the early Eocene (median: 52.5 Mya; 95% HPD: 39.4-62.7 Mya), and the median crown group ages were estimated to be 45 My for Anochetus and 40 My for Odontomachus. The infrageneric clades are all much younger, having diversified between 11 and 49 Mya. The very short branch lengths of the haematodus species group of Odontomachus, in particular, suggests that it may have undergone a rapid radiation within the last 20 million years. The lineage-through time (LTT) analysis plot is shown in Fig. 3 . Diversification in the trap-jaw ant clade fit a null pure-birth model of diversification with a constant birth rate of 0.06, but there is evidence of a shift in diversification rate approximately 25 Mya, coinciding with the radiation of most of the major trap-jaw ant clades (Fig. 2) . However, LTT plots should be considered a preliminary examination of patterns of trap-jaw ant diversification because extant taxa have been sampled incompletely (Pybus and Harvey, 2000) .
Results from the ancestral range reconstruction analysis lagrange are shown in Fig. 4 and Table 5 . The majority of extant trap-jaw ant clades originated in regions that reflect their current distributions, mostly in the Neotropics or Indomalaya. The descendant branches of crown Anochetus are reconstructed as having inherited a Neotropical or Indomalayan distribution. Multiple lineages subsequently migrated to the Afrotropics and Australasia. Clade G, in particular, likely colonized Australia, Africa, and Madagascar multiple times. The ancestral range at the root of Odontomachus was ambiguous (no scenario had more than 0.77 relative probability), but the genus likely originated in the Neotropics or Afrotropics. There was at least one migration to Australasia and Indomalaya from the Neotropics, where Clade C radiated over the last 17 My. At least two subsequent dispersals to the Afrotropics and Indomalaya from the Neotropics occurred in Clade B with the lineages that lead to O. troglodytes and O. simillimus. Resolving the relationship of O. hastatus to Clade B and C will be critical for correctly understanding the dispersal history of Odontomachus between the Old and New World. The range of the most recent common ancestor of all ponerine trap-jaw ants was also ambiguous, but was probably either Southeast Asia or the Neotropics, both of which have been shown to be important in the evolution of other members of the Odontomachus Genus Group (Schmidt, 2013) . The New World Tropics, in particular, have been suggested to be essential to generating and maintaining ant biodiversity, in part because of the high diversity of plants in this region (Pie, 2016; Moreau and Bell, 2013) . Increased sampling of extant trap-jaw ant taxa and closely related outgroups would likely clarify the relative importance of the New and Old World Tropics in trap-jaw ant diversification.
Conclusions
Molecular phylogenetic analyses confirmed that Anochetus and Odontomachus are monophyletic sister groups that evolved in the middle Eocene predominantly in Southeast Asia or the Neotropics. Anochetus and Odontomachus are composed of four and three wellsupported clades, respectively, that colonized the rest of the worldwide tropics and subtropics multiple times. There is evidence that both genera have radiated rapidly in the past 15-20 My, especially in the Neotropics and Australasia. Of the 21 species groups that were previously defined morphologically (Brown, 1976 (Brown, , 1978 , only 10 were recovered as monophyletic in our phylogenetic analyses. This emphasizes the need for additional phylogenetic analyses and taxonomic revisions for this and other ponerine genera.
Although there is still some ambiguity about the identity of the closest living non-trap-jaw ant relative, it is most likely not a genus with long linear mandibles such as those in Leptogenys. Uncertainty therefore remains about the sequence of morphological changes that led to the evolution of trap-jaw ants.
This study is the first species-level molecular phylogenetic analysis of the trap-jaw ant genera Anochetus and Odontomacus. Genera in the subfamily Ponerinae have received much less attention from molecular systematists than the other three large ant subfamilies (Myrmicinae, Formicinae, and Dolichoderinae). Due to their combination of ancestral and derived traits, ponerine ant genera are excellent systems in which to study the evolution of eusociality and understand how specialized traits have contributed to the evolutionary success of ants. Trap-jaw ants, in particular, are a useful system to study patterns of morphological macroevolution because of their highly specialized, spring-loaded mandibles. Future studies should be able to use this phylogenetic hypothesis as a framework to answer questions about trap-jaw ant evolution in a phylogenetic context. Table 5 Ancestral range reconstruction from lagrange analysis. Inheritances are displayed as left|right splits where ''left" and ''right" are the ranges inherited by descendant upper and lower branches, respectively, on the dated phylogeny (Fig. 2) . T = Neotropical, N = Nearctic, E = Afrotropical, O = Indomalayan, and A = Australasian. 
